Accumulation of PLK1 at kinetochores is essential for chromosome alignment and segregation; however, the mechanism underlying PLK1 recruitment to kinetochores remains unresolved. The chromatin remodeller RSF1 tightly associates with centromere proteins, but its mitotic function is unknown. Here we show that RSF1 localizes at mitotic kinetochores and directly binds PLK1. RSF1 depletion disrupts localization of PLK1 at kinetochores; the C-terminal fragment of RSF1, which can bind PLK1, is sufficient to restore PLK1 localization. Moreover, CDK1 phosphorylates RSF1 at Ser1375, and this phosphorylation is necessary for PLK1 recruitment. Subsequently, PLK1 phosphorylates RSF1 at Ser1359, stabilizing PLK1 deposition. Importantly, RSF1 depletion mimicks the chromosome misalignment phenotype resulting from PLK1 knockdown; these defects are rescued by RSF1 S1375D or RSF1 S1359D but not RSF1 S1375A, showing a functional link between phosphorylation of RSF1 and chromosome alignment. Together, these data show that RSF1 is an essential centromeric component that recruits PLK1 to kinetochores and plays a crucial role in faithful cell division.
P olo-like kinase 1 (PLK1) is an essential mitotic kinase that controls centrosome maturation and maintenance, microtubule attachment to kinetochores and cytokinesis 1 . Execution of these functions is preceded by dynamic changes in the subcellular localization, abundance and activity of PLK1 at different stages of the cell cycle 2, 3 . In G 2 phase, PLK1 first appears at centromeres; later, in mitosis, it becomes enriched at kinetochores. PLK1 at kinetochores stabilizes initial kinetochore-microtubule attachments; consequently, loss of PLK1 function at this stage leads to failures in chromosome alignment [4] [5] [6] . Stable microtubule attachments to kinetochores is facilitated by the microtubule-associated proteins CLASP2 and CLIP170 (refs 7,8) , whose phosphorylation and recruitment to the kinetochores are regulated by PLK1. PLK1 also interacts with the key mitotic kinases Aurora B, BubR1 and haspin, and often functions as an upstream kinase [9] [10] [11] [12] [13] . PLK1 phosphorylates BubR1, and this phosphorylation is important for spindle checkpoint signalling as well as for stable microtubulekinetochore attachment 9, 10 . In addition, PLK1-dependent phosphorylation of survivin and haspin contributes to the recruitment of Aurora B to the centromeres 11, 13, 14 . At metaphase, ubiquitylation-mediated removal of PLK1 from kinetochores is required for progression into anaphase 15 . Thus, timely positioning of PLK1 at mitotic kinetochores, as well as cooperation between PLK1 and other interacting kinases and phosphatases, enables faithful chromosome alignment and segregation. PLK1-interacting proteins potentially contribute to the localization of PLK1 to kinetochores 7, 16, 17 ; however, the exact mechanism by which PLK1 accumulates at mitotic kinetochores remains unresolved.
RSF1 is a binding partner of the SNF2H ATPase; together, these proteins form RSF (remodelling and spacing factor), which enforces nucleosome assembly and repositioning [18] [19] [20] . Unlike other chromatin-remodelling complexes, RSF1 is found as a component of interphase centromere proteins (CENPs) 21 ; in fact, at G 1 phase, RSF enables assembly of centromeric core nucleosomes containing CENP-A 22 . In addition, RSF1 participates in DNA repair processes by facilitating the assembly of the centromere proteins CENP-S and CENP-X at DNA damage sites 23, 24 . RSF1 depletion leads to aberrant mitotic progression and chromosome misalignment 22 , suggesting that it plays a regulatory role in mitosis. But to date, this protein's subcellular localization and centromeric function in mitosis remain unknown.
Here we demonstrate that RSF1 localizes at mitotic kinetochores and directly binds PLK1. CDK1-mediated phosphorylation at the C-terminal region of RSF1 provides a docking site for PLK1 and subsequent phosphorylation by PLK1 further stabilizes their interactions. Importantly, RSF1 depletion induces the chromosome misalignment phenotype and these defects are rescued by the phosphomimetic RSF1 mutants. Therefore, RSF1 is a centromeric component that recruits PLK1 to kinetochores in a phosphorylation-dependent manner and is crucial for faithful chromosome alignment.
Results

RSF1 directly interacts with PLK1 at mitotic kinetochores.
To investigate the function of RSF1 in mitosis, we first attempted to determine its localization. RSF1 co-stained extensively with anticentromere antibodies (ACA), a marker of inner kinetochores, on mitotic chromosomes of HeLa cells ( Supplementary Fig. 1a) ; this observation was verified by immunostaining of chromosome spreads of prometaphase-arrested cells. RSF1 co-stained with ACA in HeLa cells, as well as in human epithelial RPE1 cells (Fig. 1a) ; as expected, the signal disappeared in RSF1 knockout (KO) HeLa cells. Re-expression of RSF1 tagged with V5 (RSF1-V5) in RSF1 KO cells restored RSF1 immunostaining. These data are the first to demonstrate that endogenous RSF1 is localized to mitotic kinetochores. This result was verified by chromatin fractionation experiments: under our experimental conditions, chromatin-bound proteins remained in the chromatin pellet after a wash with buffer containing 0.5 M NaCl, whereas unstably bound proteins were eluted into soluble chromatin extracts. Accordingly, the outer kinetochore-associated Mad2 was eluted to the soluble fraction, whereas Topo IIa remained in the chromatin pellet (Fig. 1b) . The majority of RSF1 and SNF2H remained in the chromatin-bound fraction along with CENP-A, a centromeric nucleosome component, in both interphase and mitotic cells (Fig. 1b) . A previous phosphoproteome analysis identified RSF1 as a candidate phosphorylation target of PLK1 (ref. 25) , and we observed that RSF1 depletion induced defects in chromosome alignment that were also observed in PLK1-depleted cells ( Supplementary  Fig. 1b,c) [4] [5] [6] . Therefore, we concluded that RSF1 function in mitosis is related to PLK1. Co-immunoprecipitation experiments revealed that endogenous PLK1 co-precipitated with RSF1 in mitotic cells ( Supplementary Fig. 2a ).
To further test this association, we purified V5-tagged full-length RSF1 protein from HEK293F cells engineered to secrete recombinant RSF1 protein into the culture medium ( Supplementary Fig. 2b ). When immunopurified Myc-tagged PLK1 and HA-tagged Aurora B obtained from mitotic cells were incubated with recombinant RSF1-V5, RSF1-V5 bound PLK1 but not Aurora B (Fig. 1c) . Next, we incubated recombinant RSF1-V5 with recombinant His-PLK1 purified from insect cells; pull-down assays with anti-V5 antibody verified that PLK1 directly bound RSF1 (Fig. 1d) , indicating that RSF1 is a bona fide PLK1-interacting protein. It is of note that SNF2H is dispensable for the RSF1-PLK1 interaction. Co-imunoprecipitation assay using RSF1 KO HeLa cell extracts revealed that SNF2H did not co-precipitate with PLK1 ( Supplementary Fig. 2c ). On pull-down experiments, we verified no interactions between PLK1 and SNF2H ( Supplementary Fig. 2d ). Next, we generated deletion mutants ( Supplementary Fig. 2e ) and performed interaction studies with immobilized glutathione S-transferase (GST)-tagged RSF1 or FLAG-tagged PLK1. Pull-down assays identified an interaction between the C terminus of RSF1 (RSF1-C2, amino acids 982-1441) and the C terminus of PLK1 (PLK1-C, amino acids 350-603), which contains two Polo-box domains (PBDs) (Fig. 1e,f) . A kinase-dead mutant of PLK1 (PLK1 K82R ) retained the ability to bind RSF1; however, both the PLK1-C and PLK1 kinase-dead mutant exhibited reduced binding to RSF1. Because the PBD of PLK1 recognized the phosphopeptide on substrates and Trp414, His538 and Lys540 residues on the PBD are important in the phosphate recognition 26, 27 , we generated the PLK1-PBD W414F and PLK1-PBD H538A/K540M that were known to disrupt the phosphopeptide-binding activity of the PBD 26, 28 . Interaction studies with immobilized GST-tagged RSF1 or FLAG-tagged PLK1 revealed that both PLK1-PBD W414F and PLK1-PBD H538A/K540M exhibited a significant loss in their binding to RSF1 (Fig. 1g,h) . Thus, the data here clearly showed that RSF1 directly interacts with PLK1 in mitosis.
RSF1 is crucial for PLK1 deposition at mitotic kinetochores. Because RSF1 binds PLK1 directly, we asked whether RSF1 binding to PLK1 affects PLK1 localization. As shown in Fig. 2a , the kinetochore localization of PLK1 in HeLa cells was significantly diminished in cells treated with RSF1 short interfering RNA (siRNA.) A similar observation was made in immortalized human epithelial RPE1 cells (Supplementary Fig. 3a) . In RPE1 cells, complete KO of RSF1 resulted in inviability (data not Fig. 3b,c) . In chromatin fractionation experiments, the PLK1 level was also reduced following RSF1 depletion, whereas Aurora B levels remained constant (Fig. 2b, right panel) . The reduction of chromatin-bound PLK1 in RSF1-depleted cells was not due to lower overall PLK1 protein levels, because the total protein level of PLK1 in whole-cell lysates remained unchanged (Fig. 2b, left panel). The RSF1 protein level is also reduced in the absence of SNF2H (ref. 19) , indicating that SNF2H depletion mimics RSF1 depletion. Next, we investigated whether a reduction in PLK1 levels would affect PLK1-dependent phosphorylation in these cells. BubR1 is phosphorylated by PLK1 at multiple sites, and this phosphorylation is important for the stability of kinetochoremicrotubule interactions 9, 29 . RSF1 depletion did not influence the levels of chromatin-bound BubR1 (Fig. 2c) , and CDK1-dependent phosphorylation of BubR1 at Ser670 remained intact. By contrast, the PLK1-specific phosphorylation of BubR1 at Ser676 did not occur in RSF1-depleted cells. These findings were confirmed by immunostaining of chromosome spreads using phospho-specific antibodies against BubR1 ( Supplementary  Fig. 3d,e) . Thus, these data suggest that PLK1-dependent kinetochore function may be also defective in the absence of RSF1. Given that loss of RSF1 caused reduced PLK1 accumulation at mitotic chromosomes, we predicted that ectopic overexpression of RSF1 in these cells would rescue PLK1 levels. Indeed, expression of RSF1-V5 in RSF1 short hairpin RNA (shRNA) cells increased the amount of chromatin-bound PLK1 ( Supplementary Fig. 3f ). Likewise, the kinetochore localization of RSF1 and PLK1 in RSF1 KO cells was rescued by overexpression of RSF1-V5 (Fig. 2d ). In addition, expression of RSF1-C2 982-1441 , which retains PLK1 binding (Fig. 1e) , resulted in accumulation of PLK1 at kinetochores (Fig. 2d ) and elevated levels of chromatin-bound PLK1 (Fig. 2e) . By contrast, RSF1-N2 and RSF1-N3 mutants neither restored PLK1 localization to kinetochores ( Supplementary Fig. 4 ) nor increased the level of chromatin-bound PLK1 (Fig. 2e) . Moreover, phosphorylation of PLK1 at Thr210 in the activation loop 30 was decreased by RSF1 depletion, and re-expression of RSF1-WT or RSF1-C2 into the RSF1 shRNA cells induced a marked increase in phospho-PLK1 levels. Notably, the RSF1-N2 and RSF1-N3 mutant proteins were still retained in the chromatin-bound fraction. In addition, residual PLK1 levels in RSF1 shRNA cells were almost abolished by re-expression of the RSF1-N2 and RSF1-N3 mutants, suggesting that these deletion mutants may exert dominantnegative effects. Together, these data show that RSF1 binding to PLK1 is necessary for PLK1 deposition on mitotic kinetochores, as well as for its activation.
CDK1 phosphorylates RSF1. RSF1-C2, which contains one-third of the C-terminal residues of RSF1, was sufficient to restore PLK1 deposition. Therefore, we next investigated the mechanism by which RSF1 recruits PLK1. The PBD of PLK1 recognizes a phosphopeptide-binding motif in target substrates, whose phosphorylation is often driven by CDK1 (refs 26,31,32) . Hence we performed in vitro kinase assays to investigate whether CDK1 phosphorylates RSF1. Commercially available cyclin B and CDK1 proteins were incubated with purified RSF1 proteins, and phosphorylated proteins were visualized by autoradiography. Under these conditions, both full-length RSF1 (RSF1-FL) and RSF1-C2 were phosphorylated by the CDK1 complex, whereas RSF1-N3 was not phosphorylated ( Fig. 3a ; Supplementary  Fig. 5a ). Next, we asked whether CDK1-mediated phosphorylation of RSF1 is important for its interaction with PLK1. To this end, we transfected V5-tagged RSF1-C1 627-1441 into RSF1 KO cells and treated the transfectants with paclitaxel for 16 h; before harvest, cells were treated for 15 min with the CDK1 inhibitor Ro3306 and the proteasome inhibitor MG132 to prevent mitotic exit. Remarkably, binding of PLK1 to the RSF1 was abolished in cells treated with Ro3306, strongly suggesting that the CDK1-mediated RSF1 phosphorylation is crucial for the PLK1 interaction (Fig. 3b) .
In the course of our search for predicted phosphorylation sites in the C terminus of RSF1 using PhosphoMotif Finder (www.hprd.org/PhosphoMotif_finder), we found a large number of mapped phosphorylation sites. Our preliminary mass analysis revealed that three sites in the C terminus of RSF1, Thr1305, Ser1359 and Ser1375, are highly phosphorylated (data not shown). In particular, the CDK1 consensus target site [pT/pSPXR/K] at Ser1375 of RSF1 was well conserved among the human, mouse and rat proteins (Fig. 3c, upper panel) . To examine the importance of these sequences, we generated nonphosphorylatable mutants in which a Ser or Thr residue was switched to Ala (T1305A, S1359A and S1375A). In addition, we generated a triple mutant (3S/TA) in which all three Ser and Thr residues were switched to Ala. We first tested whether these mutants differed in their ability to restore PLK1 levels to mitotic chromosomes ( Supplementary Fig. 5b ). All these point-mutant proteins of RSF1 are well-preserved in the chromatin-bound fractions. Both RSF1-C1 3S/TA and RSF1-C1 S1375A lost the ability to cause PLK1 to accumulate on mitotic chromosomes, whereas RSF1-C1 T1305A and RSF1-C1 S1359A still largely retained this ability, suggesting that phosphorylation at Ser1375 is crucial for PLK1 deposition. The importance of the Ser1375 residue was verified by an in vitro kinase assay: specifically, RSF1-C2 S1375A could not be phosphorylated by the cyclinB1/CDK1 complex (Fig. 3c) , indicating that Ser1375 is the major phosphorylation site of CDK1. Next, we examined whether CDK1-mediated phosphorylation at Ser1375 is necessary for PLK1 binding. Co-immunoprecipitation experiments revealed that the RSF1-C2 S1375A mutant lost the ability to bind PLK1, whereas RSF1-C1 S1375D , a phosphomimetic mutant of RSF1 in which Ser1375 was replaced by Asp1375, could bind PLK1 as efficiently as RSF1-C1 (Fig. 3d) . Together, these data strongly suggest that phosphorylation of RSF1 at Ser1375 by CDK1 creates a docking site for PLK1.
Next, we performed immunofluorescence staining to examine the ability of these RSF1 phosphorylation mutants to recruit PLK1 to the kinetochores. Concomitant loss of PLK1 and RSF1 in RSF1 KO cells was rescued by re-expression of RSF1-FL or RSF1-C1 (Fig. 3e) . Consistent with our findings described above, RSF1-C1 S1375A and RSF1-C1 3S/TA were not capable of recruiting PLK1, whereas the phosphomimetic RSF1-C1 S1375D retained this ability (Fig. 3e) . Therefore, we conclude that priming phosphorylation of RSF1 at the site of Ser1375 by CDK1 is necessary for the PLK1 binding, and this RSF1 binding to PLK1 largely contributes to the PLK1 deposition to the kinetochores in early mitosis.
PLK1 phosphorylates RSF1. After docking with a substrate, PLK1 can often implement secondary phosphorylation of the substrate [33] [34] [35] . In fact, a previous phosphoproteome analysis 25 identified Ser1359 and Ser1375 of RSF1 as putative phosphorylation sites of PLK1 during mitosis. We noticed that the levels of RSF1-C1 S1359A in chromatin fractions were slightly, but consistently, reduced across multiple experiments, whereas those of RSF1-C1 T1305A were not ( Supplementary Fig. 5b ). We reasoned that if the PLK1 levels in the chromatin fraction reflected the stable deposition of PLK1 at the kinetochore, this reduction might reflect a functional role of PLK1 phosphorylation. Consistent with this idea, re-expression of RSF1-C1 S1375A in RSF1 KO cells resulted in complete deficiency in PLK1 accumulation, whereas RSF1-C1 S1359A partially recovered PLK1 accumulation (Fig. 4a) . As expected, both RSF1-C1 and the phosphomimetic RSF1-C1 S1359D efficiently increased chromatin-bound PLK1 levels. Next, we determined whether RSF1 could be phosphorylated by PLK1 in in vitro kinase assays. Both RSF1-FL and RSF1-C2 were phosphorylated by purified His-PLK1, whereas RSF1-N3 was not (Fig. 4b,c) ; thus, our data clearly showed that C-terminal RSF1-C2 contains multiple phosphorylation sites for both CDK1 and PLK1. Next, we addressed whether different chromatin deposition of PLK1 in cells expressing RSF1-C1 S1359A and RSF1-C1 S1359D (Fig. 4a) were due to different binding of these mutants to PLK1. Co-immunoprecipitation experiments revealed that the RSF1-C1 S1359A mutant exhibited the reduced binding to PLK1, whereas RSF1-C1 S1359D retained its full binding to PLK1 as wildtype PLK1 (Fig. 4d) . These findings were also consistent in immuofluorescence staining of chromosome spreads. In RSF1 KO cells, both RSF1-C1 S1359A and RSF1-C1 S1359D mutants were fully targeted to centromere regions (Fig. 4e) . RSF1-C1 S1359A conferred inefficient recruitment of PLK1 to kinetochores, whereas wild-type RSF1-C1 and the phosphomimetic RSF1-C1 S1359D fully retained the ability of PLK1 recruitment, suggesting that the PLK1-induced phosphorylation at Ser1359 is also important for the PLK1-RSF1 interaction.
In addition, we investigated how CDK1 and PLK1 cooperate with each other in RSF1 phosphorylation. Importantly, the phosphomimetic RSF1-C1 S1375D was highly phosphorylated by PLK1, whereas RSF1-C1 was phosphorylated to a lesser extent (Fig. 4f) . By contrast, neither RSF1-C1 S1359A nor RSF1-C1 S1375A was phosphorylated by PLK1. Together, these data suggest that Ser1359 of RSF1 is the phosphorylation site of PLK1. Loss of CDK1-mediated phosphorylation at Ser1375 of RSF1 barely triggered PLK1-mediated secondary phosphorylation. In that sense, the phosphomimetic RSF1-C1 S1375D serves as an efficient phosphorylation substrate for PLK1. It is worth mentioning that in an in vitro kinase assay reaction containing sufficient amounts of enzyme and substrates, PLK1 might phosphorylate substrates through a self-recruitment mechanism 36 . Taken together, these data indicate that priming phosphorylation of Ser1375 of RSF1 by CDK1 facilitates the subsequent phosphorylation by PLK1 at Ser1359, and that this PLK1-mediated phosphorylation contributes to stable deposition of PLK1 to the mitotic chromosomes. ARTICLE Chromosome alignment defects in RSF1 KO cells. Loss of PLK1 activity in early mitosis leads to unaligned chromosomes because kinetochore-microtubule attachments are not stably formed [4] [5] [6] . Our group and others 22 showed that RSF1-deficient cells suffer from chromosome-alignment defects. Therefore, we investigated whether chromosome-alignment defects in RSF1-deficient cells are derived from deficiencies in PLK1 deposition and function. In fact, in a cold-stable microtubule assay, RSF1-depleted cells also did not form stable microtubule-kinetochore attachments ( Supplementary Fig. 6 ). Next, we monitored mitotic progression by monitoring green fluorescent protein (GFP)-fused histone H2B (GFP-H2B) using time-lapse microscopy. Because RSF1 shRNA cells are sensitive to external stresses, we monitored them under low magnification. More than 90% of control shRNA cells exhibited proper chromosome alignment during mitotic progression, whereas RSF1 shRNA cells consistently exhibited profound defects in chromosome alignment (Fig. 5a ). Up to 60% of RSF1 shRNA cells experienced severe chromosome misalignment, and this phenotype was corrected by ectopic overexpression of RSF1-FL or RSF1-C1. Importantly, all the phospho-dead mutants (RSF1-C1 3S/TA , RSF1-C1 S1375A and RSF1-C1 S1359A ) failed to correct the chromosome-alignment defects (Fig. 5a,b) , revealing an intimate functional link between chromosome alignment and PLK1 deposition in RSF1-depleted cells. Likewise, both RSF1-C1 S1375D and RSF1-C1 S1359D were as efficient as RSF1-C1 in correcting chromosome-alignment defects: in all cases, the frequency of unaligned chromosomes was reduced to 15-20% (Fig. 5b) . Although RSF1-C1 S1359A could cause partial accumulation of PLK1 on mitotic chromosomes (Fig. 4a) , it failed to correct chromosome-alignment defects (Fig. 5a,b) . Thus, these data suggest that correction of alignment defects in RSF1-depleted cells requires full restoration of PLK1 levels at mitotic kinetochores. Together, these data indicate that the chromosomealignment defects resulting from RSF1 depletion are due to loss of PLK1 function at mitotic kinetochores. Phosphorylation of RSF1 by CDK1 and PLK1 confers stable binding on PLK1, which is necessary for PLK1 function at mitotic kinetochores.
Discussion
In this study, we discovered a novel function of RSF1 in mitosis. RSF1 is a component of a chromatin remodeller, whose primary function is facilitating nucleosome assembly and repositioning. In addition to its function as a chromatin remodeller, RSF1 plays a crucial role in PLK1 recruitment and deposition on mitotic kinetochores. On the basis of our findings, we propose a model (Fig. 5c ) in which RSF1 locates at the kinetochore proximal to centromeres in early mitosis. Active CDK1 phosphorylates Ser1375 of the RSF1, which provides the docking site for PLK1. The PBD of PLK1 binds to the phosphorylated Ser1375 of RSF1, and this interaction facilitates a subsequent PLK1-mediated phosphorylation on the Ser1359 residue, which further promotes and stabilizes PLK1 deposition. Full PLK1 deposition at the kinetochores promotes the formation of stable kinetochoremicrotubule attachments through phosphorylation of multiple target substrates. Another interacting partner of PLK1, the inner centromeric protein INCENP, is included in this model. It is of worthwhile mentioning that kinetochore localization of RSF1 in early mitosis is not related to centromere proteins, CENP-S/X 23, 24 . Immunofluorescence staining showed that depletion of CENP-S/X did not affect the localization of RSF1 and PLK1 at centromeres ( Supplementary Fig. 7a-d) .
PLK1 plays multiple functions in mitotic progression; thus, it is important to understand the mechanism by which PLK1 is recruited to the kinetochores. In G 2 phase, PBIP1 (also known as CENP-U) recruits PLK1 to centromeres, and the docking site for PLK1 is created by self-priming phosphorylation of PLK1 on PBIP1 (ref. 36) . In early mitosis, PLK1 induces PBIP1 degradation; however, PLK1 is retained at the kinetochores even after degradation of PBIP1. Thus, the PLK1 population freed from the PBIP1-PLK1 complex must interact with other interacting partners to maintain its position at the kinetochores [36] [37] [38] . Other kinetochore/centromere-associated proteins, such as Bub1 kinase 28 and INCENP 39 , contribute to PLK1 localization at kinetochores. INCENP, a component of the chromosomal passenger complex (CPC), is likely to be a scaffold protein for CPC components 40, 41 , and the C terminus of INCENP also provides a binding site for Aurora B 42, 43 . Recruitment of the CPC to centromeres involves a series of structural and functional interactions among these proteins and other mitotic kinases such as PLK1, Bub1 kinase 28 and others 11, 39 . PLK1-dependent phosphorylation of survivin and haspin also contributes to the recruitment of Aurora B to the centromeres 11, 14 . In addition, other PLK1-interacting proteins that are associated with microtubules also affect PLK1 recruitment to the kinetochores 7, 8 . Thus, these PLK1-interacting proteins mutually affect one another's localization and function; consequently, it remains unclear whether the initial recruitment of PLK1 is achieved by these proteins. In addition, it remains unknown whether these proteins affect one another through direct interactions. Accordingly, it is difficult to exclude the possibility that deletion of these proteins affects PLK1 localization indirectly, either through other mediator proteins or by altering kinetochore/centromere structure. Here we propose that RSF1 is the crucial PLK1 regulatory molecule at kinetochores, and that it differs from other PLK1-interacting proteins. RSF1 is tightly associated with centromere proteins, and its localization is not affected by PLK1 binding. Notably, the RSF1-N2 and RSF1-N3 mutants, and the non-phosphorylatable mutants RSF1 3S/TA and RSF1 S1375A , all of which lack the ability to bind PLK1, were still retained in the chromatin-bound fraction (Fig. 2e) and at mitotic kinetochores (Fig. 3e) ; therefore, RSF1 deposition on mitotic kinetochores does not rely on the PLK1 binding. In addition, depletion of RSF1 did not disturb other kinetochore/centromereassociated proteins. Depletion of RSF1 changed neither the chromatin-bound levels of BubR1 (Fig. 2c) nor the overall level of Bub1 (data not shown). Likewise, RSF1 depletion did not disturb the CPC at the centromeres: chromatin-bound levels of INCENP, survivin and Aurora B remained unchanged in RSF1-depleted cells ( Fig. 2b; Supplementary Fig. 7e,f) . Finally, RSF1 not only co-localizes with PLK1 but is also a direct binding partner of PLK1 (Fig. 1 ). All these findings lead us to conclude that RSF1 is the 'missing piece' of the PLK1 regulatory machinery.
In this study, we utilized chromatin fractionation experiments to quantitatively trace the changes in kinetochore/centromere protein levels. We noticed that a portion of residual PLK1 in the chromatin-bound fraction was still observed in RSF1 KO HeLa cells (Fig. 4a) , suggesting that other PLK1-binding partners also contribute to PLK1 deposition. Because RSF1 localizes near the centromeres, we examined whether RSF1 cooperated with INCENP in PLK1 deposition. Depletion of INCENP by RNA interference did not alter the chromatin-bound RSF1 level, and siRNAs against either RSF1 or INCENP reduced the level of chromatin-bound PLK1. Notably, double knockdown of RSF1 and INCENP caused a further reduction in PLK1 levels ( Supplementary Fig. 7g ), suggesting that RSF1 cooperates with INCENP to stably position PLK1. Because Bub1 kinase 28 was also shown to affect PLK1 localization, we examined whether the reduction in PLK1 in RSF1 KO cells could be mediated by the changes in Bub1 level. We found that RSF1 depletion did not affect the Bub1 localization at kinetochores ( Supplementary  Fig. 7h,i) . In addition, it is worth noting that residual PLK1 levels in cells expressing RSF1 shRNA cells were almost abolished by reexpression of the RSF1-N2 and RSF1-N3 mutants ( Supplementary Fig. 4 ). Because these mutants remained in the chromatin-bound fraction (Fig. 2e) , we interpreted these data to mean that the deletion mutants exerted a dominant-negative effect on endogenous RSF1. Likewise, the residual PLK1 level in RSF1 KO cells was further reduced after re-expression of RSF1 S1375A (Fig. 4a) .
Localization of PLK1 is often mediated through interactions of the PBD with proteins that contain its consensus binding phosphopeptide [S-pT/pS-P/X] and are primed by CDK1 or self-primed by PLK1 (refs 26,30-32) . Thus, PLK1-docking sites largely overlap with consensus sites for CDK1 phosphorylation except that the PBD-binding sites usually contain the Ser at the À 1 position. The data here also suggest that RSF1 contains at least two phosphorylation sites; the first phosphorylation site of Ser1375 resides with the [Q-pS-P-X-K] sequences that perfectly match with the CDK1 substrate consensus [pT/pS-P-X-R/K], and, thus, this site provides an optimal site for priming phosphorylation by CDK1 and creates for the PLK1 docking, although it lacks the Ser at the À 1 position. The second phosphorylation site of Ser1359 contains [G-pS-P-X-X] that is less conserved for the CDK1 substrate and phosphorylated by PLK1. The RSF1-PLK1 interaction occurred in a phosphorylation-dependent manner because PLK1-PBD W414F and PLK1-PBD H538A/K540M mutants that lose the phosphopeptide-binding activity exhibited a significant reduction in the binding to RSF1 (Fig. 1g) . Likewise, the phosphorylation-defective RSF1 S1375A mutants completely lost the binding to PLK1 (Figs 3d and 4a) , whereas RSF1 S1359A also exhibited a reduced binding to PLK1 to a lesser extent (Fig. 4e) . In addition, these phosphorylation processes must occur in order because the RSF1 S1375A mutant (which has lost the priming phosphorylation) is no longer phosphorylated by PLK1 (Fig. 4d) . Thus, PLK1 docking to the phosphorylated Ser1375 instigates PLK1-induced phosphorylation at Ser1359. Furthermore, the recruitment and maintenance of PLK1 via phosphorylation of RSF1 is physiologically important because the non-phosphorylatable mutants of RSF1 S1375A and RSF1 S1359A failed to align chromosomes in RSF1-depleted cells (Fig. 5a,b) . RSF1 S1375A almost completely lost its ability to accumulate the PLK1, whereas RSF1-C1 S1359A was partially capable of causing PLK1 accumulation on mitotic chromosomes (Fig. 4a) . Thus, it is likely that correction of the alignment defects in RSF1-depleted cells requires full deposition of PLK1 through phosphorylation by both CDK1 and PLK1. In these cells, the PLK1-mediated phosphorylation on BubR1, which is important for stable kinetochore-microtubule interactions 9, 29 , was also defective (Fig. 3b,c) , aggravating chromosome misalignment. Thus, we here propose that RSF1 is essential for proper kinetochore function in early mitosis. Notably, a great deal of recent work has focused on the upstream regulatory function of PLK1 on mitotic kinases and proteins such as the Mis18 complex and CENP-A at centromeres 14, 44, 45 . In particular, RSF1 is involved in CENP-A deposition at early G1 phase, and future studies should investigate whether RSF1 cooperates with PLK1 in CENP-A deposition.
Methods
Cell culture and treatments. HeLa (American Type Culture Collection (ATCC), CCL-2) and HEK293T (ATCC, ACS-4500) cell lines were maintained in low-glucose and high-glucose DMEM supplemented with 10% fetal bovine serum (Invitrogen), respectively. The hTERT-immortalized retinal pigment epithelial cell line, RPE1, was purchased from ATCC (CRL-4000) and maintained in F12 medium with fetal bovine serum in the presence of hygromycin B. The HeLa cells stably expressing RSF1 shRNA targeting 3 0 -untranslated region of RSF1 gene was established by infection of the lentiviral vector containing RSF1 shRNA, followed by clonal selection in the presence of puromycin (1 mg ml À 1 ) according to the manufacture's protocol (Sigma-Aldrich). To obtain cells synchronized at prometaphase, cells were treated with 100 ng ml À 1 of paclitaxel (Sigma-Aldrich) or 100 nM of nocodazole (Sigma-Aldrich) for 12-16 h and collected by gentle shake-off.
Generation of RSF1 KO cells. To generate RSF1 KO cells, TALEN (transcription activator-like effector nuclease) plasmids 46 targeting the RSF1 gene were engineered by ToolGen Inc. (Korea). TALENs induce site-specific double-strand breaks, which leads to frameshift mutation at the RSF1 gene. Among them, the most effective RSF1-specific TALEN plasmid targeted the exon 3 of RSF1 gene and contained the sequences of 5 0 -TGCGTCTCCAGCCAATTGGT-3 0 (TALEN-L) and 5 0 -TGGTACCAGTACATGAGGCC-3 0 (TALEN-R) that are linked by the endonuclease (EN) target sequence. To enrich the RSF1 KO cells, the pRG2S surrogate reporter plasmids 47 were co-transfected into HeLa cells using Lipofectamine 2000. The pRG2S reporters are composed of genes encoding two fluorescent proteins (red and green) and the frameshift mutations by EN is designed to restore the GFP gene. At 48 h post-transfection, the transfected cells expressing green fluorescence were sorted using fluorescence-activated cell sorting (FACS Vantage, BD Biosciences) and seeded onto plates according to the manufacturer's protocol. Two weeks later, the cells were collected to determine the expression levels of RSF1 protein by immunoblot. RSF1 KO candidate cells were reseeded on the 96-well plates with serial dilution to obtain a single-cell-derived colony.
Transfection and RNA interference. The transfection of plasmids or siRNA oligonucleotides was carried out using polyethylenimine (Polysciences) or Lipofectamine 2000 (Invitrogen) as previous described 48 Plasmids and purification of recombinant proteins. Plasmids encoding V5-tagged full length and deletion mutants of RSF1 (N2, N3, C1 and C2) were kindly provided by Dr Ie-Ming Shin (Johns Hopkins Medical School). Flag-tagged full length and deletion constructs of PLK1 as well as recombinant baculoviruses of PLK1 (His-PLK1 and GST-PLK1) were kindly provided by Dr Young-Joo Jang (Dankook University). Site-directed mutagenesis was carried out on the RSF1-V5 C1 plasmid using Muta-Direct Site Directed Mutagenesis Kit (iNtRON Biotechnology) to change Thr1305, Ser1359 and Ser1375 to Ala or Asp (T1305A, S1359A, S1359D, S1375A and S1375D). Recombinant baculoviruses of GST-RSF1 WT, C2 and N3 were created using Gateway system (Invitrogen). Briefly, RSF1 complementary DNA was subcloned into the pDEST20 destination vector using LR Clonase (Invitrogen). The pDEST20-RSF1 bacmid was transfected into Sf9 cells and the supernatant containing recombinant virus (GST-RSF1) was collected after 4 days. In addition, V5-tagged RSF1 complementary DNA was subcloned into the DraIII/BsiWI sites of the pKVL plasmid that contains an endoplasmic reticulum (ER) leader sequence 49 . To obtain recombinant V5-RSF1 protein in mammalian cells, 2 mg of the pKVL-V5-RSF1 plasmid was transfected to 100 ml of FreeStyle 293-F cells. After 5-7 days, the culture supernatant was harvested by a centrifugation, concentrated using Centricon Plus-70 Centrifugal Filter (Millipore). V5-RSF1 protein was purified using anti-V5 antibody (Invitrogen, R960-25) immobilized to Sepharose, if necessary. His-PLK1, GST-PLK1, GST-RSF1 and RSF1-V5 were prepared as described in the above. The proteins were incubated for 2 h at 4°C under constant rotation and beads-bound immune complexes were washed for four times and subjected to immunoblot analysis.
In vitro kinase assay. Recombinant GST-fused RSF1 proteins (RSF1-FL, RSF1-C2 and RSF1-N3) or immunopurified V5-RSF1 proteins (RSF-C1, RSF1-C1 S1359A , RSF1-C1 S1375A and RSF1-C1 S1375D ) were incubated with either human GSTCyclin B1/GST-Cdk1 (Cell Signaling Technology) or recombinant His/GST-PLK1 proteins in the kinase buffer (20 mM HEPES, 0.14 M NaCl, 3 mM KCl, 5 mM MgCl 2 , pH 7.4) with 2 mCi of g 32 P-ATP (PerkinElmer) for 30 min at 30°C. The reactions were terminated by adding 6 Â SDS sample buffer followed by heating to 100°C for 5 min. The proteins were separated on gradient SDS-polyacrylamide gel, and the incorporation of 32 P was visualized by autoradiography.
Cell fractionation. Mitotic cells were lysed with fractionation buffer I (10 mM Tris (PH 8.0), 25 mM KCl, 5 mM MgCl2, 0.5% NP-40, 1 mM dithiothreitol, 1 mg ml À 1 aprotinin, 1 mg ml À 1 leupeptin, 5 mM NaF and 0.5 mM Na 3 VO 4 ) and incubated on ice for 5 min. The supernatant (S1) and pellet (P1) were obtained after centrifugation at 1,300g for 5 min at 4°C. The S1 fraction was refined by high-speed centrifugation at 20,000g for 10 min at 4°C and the supernatant was used as a soluble cytosolic fraction (S2). The insoluble pellet (P1) was washed twice and lysed with fractionation buffer II (10 mM Tris (PH 8.0), 500 mM NaCl, 0.1% NP-40, 5 mM EDTA, 1 mg ml À 1 aprotinin, 1 mg ml À 1 leupeptin, 5 mM NaF and 5.5 mM Na 3 VO 4 ) by sonication (Active motif, 120 W, 20 KHz). After centrifugation at 1,700g for 5 min at 4°C, the chromatin-bound nuclear fraction (supernatant) was obtained. The concentrations of lysates were normalized by Bradford assay (BioRad Laboratories), and lysates were analysed by immunoblotting. The antibodies used were as follows: mouse anti-BubR1 (BD science, 612505, 1:1,000 in TBST (Tris-buffered saline þ Tween 20) with 1% bovine serum albumin, BSA); mouse anti-RSF1 (Upstate, 05-727, 1:1,000 in TBST with 1% BSA); rabbit anti-pBubR1 (gift from Chang-Woo Lee, 1:3,000 in TBST with 1% BSA); mouse anti-INCENP (Abcam, ab36453, 1:1,000 in TBST with 1% BSA); rabbit anti-BubR1 (Cell signaling Technology, #2186, 1:1,000 in TBST with 1% BSA); and rabbit anti-topoisomerase IIa (Santa Cruz Biotechnology, sc-13058, 1:1,000 in TBST with 1% BSA).
Chromosome spreading. HeLa cells were treated with 100 ng ml À 1 of nocodazole for 4 h and floating mitotic cells were collected by gentle shake-off. The cells were incubated in KCl (75 mM) buffer for 10 min at room temperature and centrifuged at 1,300g for 5 min using Cytospin (Hanil Science, Korea). The cells were fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.5% Triton X-100 for 10 min. The fixed cells were blocked with 3% BSA for 1 h at room temperature. The antibodies were used mouse anti-RSF1 (Upstate, catalog, 1:100 in PBS with 3% BSA) and human anti-ACA (Immunovision, HCT-0100, 1:2,000 in PBS with 3% BSA).
Immunocytochemistry. Mitosis-arrested HeLa cells after nocodazole (100 ng ml À 1 ) treatment were fixed with 4% paraformaldehyde in PBS at pH 7.4 for 10 min. The fixed cells were permeabilized with 0.5% Triton X-100 for 10 min and blocked with 3% BSA in PBS for 1 h, followed by overnight incubation with appropriate primary antibodies at 4°C. Primary antibody-incubated cells were washed three times with PBS and incubated with fluorescence-conjugated secondary antibody for 1 h. After washing off the secondary antibody-incubated cells, the nuclei were stained with 4,6-diamidino-2-phenylindole (1:50,000, Molecular Probes) for 10 min, followed by washing five times with 0.1% Triton X-100. Cells were mounted with Vectashield (Vector Laboratories). The following antibodies were used: mouse anti-RSF1 (Upstate, 05-727, 1:500 in PBS with 3% BSA); mouse anti-RSF1 (Abcam, ab109002, 1:500 in PBS with 3% BSA); mouse anti-a-tubulin (Abcam, ab7291, 1:500 in PBS with 3% BSA); mouse anti-PLK1 (Abcam, 17057, 1:500 in PBS with 3% BSA); rabbit anti-PLK1 (Santa Cruz Biotechnology, sc5585, 1:500 in PBS with 3% BSA); and human anti-ACA (Immunovision, HCT-0100, 1:2,000 in PBS with 3% BSA). For image acquisition, Nikon A1R-A1 Confocal Microscope system with 60 Â 1.4 numerical aperture (NA) Plan-Apochromat objective (Nikon Instrument Inc.) or LSM710 with 63 Â 1.4 NA Plan-Apochromat objective (Carl Zeiss Zeiss) were used and analysed by the NIS elements C program or the ZEN 2011 program, respectively.
Live-cell imaging. HeLa cells transfected with GFP-H2B and other appropriate plasmids were synchronized at the G 1 /S boundary by the double thymidine block method as described previously 50 . At 8 h after release from the thymidine block, the cells were treated with 9 mM of RO3306 for 2 h to arrest cells at G 2 phase. The synchronized HeLa cells at G 2 phase regained the cell cycle progression in a microscope stage incubator at 37°C in a humidified atmosphere of 5% CO 2 throughout the experiment. Fluorescence images were acquired every 5 min using a Nikon eclipse Ti with a 20 Â 1.4 NA Plan-Apochromat objective. Images were captured with an iXonEM þ 897 Electron Multiplying charge-coupled device camera and analysed using NIS elements Ar microscope imaging software.
Statistical analysis. In each result, the error bars represent the mean±s.e.m. from at least three independent experiments. The statistical significance was determined with two-sided unpaired Student's t-test. P values are indicated in the legends.
